INTRODUCTION
It has been reported that ionizing and UV radiations cause membrane damages through lipid peroxidation, with concomitant changes in membrane permeability'-'), hemolysis of erythrocytes" 9, 10), inactivation of membrane-bound enzymes-8, 11, 12) or structural modifica tion of membranes13-16). The damages in biological membranes have recently attracted much attention, since they are postulated to play an important role in the development of radiation effects 17-19) although membrane damage is less sensitive than DNA damage.
As reported previously20), membrane stabilizing agents cholesterol and cepharanthin suppress the radiation-induced change in permeability and cause a decrease in membrane fluidity, although cholesterol stimulates radiation-induced lipid peroxidation. The results show that the irradiation of liposomes in the presence of cholesterol might cause to suppress the permeability by rigidification of membranes, but the irradiation in the presence of cepha ranthin might cause to suppress the permeability by decreasing in the lipid peroxidation. In view of these results radiation-induced changes in the physical properties of membranes must be analyzed directly. The present paper reports a study on changes in the physical state of irradiated liposomes by spin labeling. The relationship between hydrophobicity and lipid peroxidation was examined in relation to the radiation effects.
MATERIALS AND METHODS
Commercial soybean lecithin was twice washed with acetone and then purified by silicic acid column chromatography20). Rat liver microsomes were prepared as described previously") and total microsomal lipids were extracted with chloroform and methanol according to the method of Bligh and Dyer22). The total lipids were then washed twice with acetone to obtain phospholipids. Microsomal lecithin was also prepared by silicic acid column chromatography and the purity was checked by thin layer chromatography. Lipids were stored at -20°C under nitrogen atmosphere until use.
Liposomes were prepared by vigorously shaking a thin film of each lecithin with vigorously shaking in 0.15 M NaCI 10 mM sodium phosphate buffer (pH 7.4) under nitrogen atmos phere. The liposomal suspension was diluted to the concentration of 2 mg lecithin per ml of the medium and irradiated with 60Co y-radiation at a dose rate of 1.6 Gy/min at room tem perature in air.
After irradiation, aliquots of the liposomal suspension was added to the dried film of 5 or 16-doxylstearic acid spreaded on the surface of a flask as a thin film and the mixture agitated by a Vortex mixer. The suspension was then incubated for 15 min at 30°C to complete the spin labeling with 40 pg of each doxylstearic acid per ml. Labeled liposomes were transferred to a capillary tube to be used as the sample cell for ESR measurements. All ESR spectra were obtained with a JEOL PE-1X ESR spectrometer at x band. Order parameter S and hyperfine interaction a' were calculated using the following equations in this condition: S = (T// Ti) (Tz + 2Tx)/(T// + 2Tl) (Tz Tx) a'= (T// + 2Tl)/3 where Tz (=32.9 G) and Tx (=5.9 G) are the elements of the hyperfine tensors of the spin label, and T// and Ti are distances between specific signals in ESR spectra, respectively.
Aliquots of the liposomal suspension were also used to determine the formation of thio barbituric acid reactive substances to be used as an index of lipid peroxidation. The substances were assayed by the thiobarbituric acid reaction as described previously3).
Soybean lecithin was purchased from Sigma Chemical Co. and 5 and 16-doxylstearic acids were obtained from Syva Co. All other chemicals used in the present study were of commercial grade.
RESULTS

Changes in membrane fluidity by irradiation
Changes in the physical state of membranes are probably involved in the process of radia tion-induced damage to membrane functions', 17, 18) The effects of irradiation on membrane fluidity and intramembranous polarity of lipid bilayer in liposomes of soybean and microsomal lecithin liposomes were examined in relation to radiation-induced lipid peroxidation . ESR spectra of the liposomes labeled with either 5 or 16-doxylstearic acid were analyzed to esti mate the physical states of peripheral and central domains of the lipid bilayer.
The order parameter S of 5-doxylstearic acid apparently did not change by irradiation of liposomes of both soybean and microsomal lecithins ( Fig. 1-A) . The S value of 16-doxylstearic acid decreased gradually with increasing radiation dose but the extent of change was not re markable ( Fig. 1-B ). According to Hubbel and McConnell23), the S value is expressed by the equation S = (3 cos2 a 1)/2, where 0 is a function of the mean angle between the axis per pendicular to the membrane surface and the longitudinal axis of the spin label. Therefore the enhancement of the molecular motion results in the decrease of the S value, representing an increase in membrane fluidity. Irradiation of both tupes of liposomes at a dose of 288 Gy caused a slight decrease in the mean angle of fatty acid-side chains in the peripheral domain as estimated by the S value of 5-doxylstearic acid. The extent of change was 0.2° in the soybean liposomes and 0.8° in the microsomal liposomes. On the other hand, irradiation caused an increase in the molecular motion in the interior of lipid bilayer. The extent of increase in the mean angle with 16-doxylstearic acid was 1.1 ° in the soybean liposomes and 1.2° in the micro somal liposomes. However, these changes are not so remarkable as compared with the effect of membrane-bound agents, such as cholesterol, which can alter the membrane fluidity2(J). The a' value increased with increasing radiation dose and the extent of the change was larger in the microsomal lecithin liposomes than that in the soybean lecithin liposomes (Fig.   2 ). Irradiation caused a marked increase in the polarity particularly in the peripheral domain of lipid bilayers, as indicated by the increase in the a' value of 5-doxylstearic acid in both liposomes (Fig. 2-A) . On the other hand, there was only a slight increase in the a' value of 16-doxylstearic acid in the soybean lecithin liposomes after irradiation , but a considerable increase in the microsomal lecithin liposomes was observed in spite of the deep domain of lipid bilayer (Fig. 2-B) . These results indicate that irradiation causes a marked increase in polarity in the inside of liposomal membranes.
Relationship between lipid peroxidation and intramembranous polarity
The question whether radiation-induced change in the hyperfine interaction is caused by lipid peroxidation was examined from the relationship between a' value and lipid peroxidation in various conditions. Since reduced glutathione could suppress the degree of radiation-induced lipid peroxidation without direct influence on the ESR spectra of liposomal membranes , the relationship between the formation of thiobarbituric acid reactive substances and the a' value in liposomes was determined under different radiation dosages or glutathione concentrations . Fig. 3 shows linear relationships between both values at 48 and 96 Gy of irradiation with or without 0.05 to 1 mM reduced glutathione in microsomal lecithin liposomes in the presence of 5 and 16-doxylstearic acids. Almost parallel increases in a' values in both spin labeling probes suggest that lipid peroxidation would determine the rate of increase in the polarity in either peripheral or interior domain, even if the non-irradiated values of both probes were consider ably different. A certain extent of curvature in the line of 5-doxylstearic acid might be due to too higher polarity of irradiated membranes, as shown in the high a' value closely to the water value.
DISCUSSION
There have been many indications that lipid peroxidation occurs in coincidence with radiation-induced damages to liposomal and biological membranes'-3,10-12) , but the complete mechanism involved in the processes has not been well elucidated . In order to ascertain the role of lipid peroxidation in radiation-induced membrane damages , it is important to examine the alterations in lipid bilayer which occur in accordance with the membrane lipid peroxidation . Our recent studies have shown that membrane functions , such as permeability or enzyme activity, change in parallel with the radiation-induced lipid peroxidation3, 5, 12) _ These changes seem to be due to alterations in the physical state of membranes depending on chemical changes in the lipid bilayers. Extensive studies have suggested that lipid peroxidation results in the formation of thiobarbituric acid reactive substances , hydroperoxides or carbonyl com pounds in lipid bilayers24). The formation of these products leads to the decrease of hydro phobic acyl-chain and breaks in the chains of lipids5, 25, 26) Most of these changes reported here were examined by the irradiation with the high doses of several hundred Gy to reveal typical alterations, but lipid peroxoidation and permeability change in liposomes were rec ognized in the mcuh lower doses of irradiation even at 0 .25 Gy3).
It has been shown that highly peroxidized liposomal membranes show a decreased mem brane fluidity"). On the other hand, it has also been shown that lipid peroxidation causes a slight increase in membrane fluidity in the hydrophobic region of erythrocyte membranes 14) Recent study on the effect of lipid peroxidation on membrane fluidity showed that the effect was different depending on the depth of lipid bilayer, as determined by the use of doxyl stearate spin probes which have a nitroxide free radical located at a different site in the mole cules28). In the present study, the membrane fluidity also increased slightly in the hydrophobic region of liposomal membranes, but it did not change in the peripheral region. Although membrane fluidity might be partly involved in the increase in membrane permeability, details are yet unclear. The present study showed that a significant increase in the polarity in the inside of the lipid bilayer was induced by y-irradiation, in parallel with membrane lipid peroxidation. As shown in Fig. 3 , the polarity of the lipid bilayer seems to correlate the degree of membrane lipid peroxidation. There are various kinds of lipid peroxidation products formed in the inside or the exterior part of the liposomal membranes depending on the radiation doses"). The results indicate that irradiation at doses below 500 Gy causes linear increases in the formations of conjugated dienes, thiobarbituric acid reactive substances, hydroperoxides or carbonyl compounds with increasing doses. It is probable that the formation of these hydrophilic residues in acyl chains of lipid bilayer causes an increase in the polarity of membranes . The hydrophobicity in lipid bilayer would be concerned with such membrane functions as their permeability or the activity of membrane-bound enzymes. Therefore an increase in the polarity of a lipid bilayer would be expected to affect these membrane functions.
